Dynamic response of a polymer-stabilized blue-phase liquid crystal J. Appl. Phys. 111, 063103 (2012) Unusual broadening of E0 and E0 + ΔSO transitions in GaAsBi studied by electromodulation spectroscopy J. Appl. Phys. 111, 066103 (2012) Electric field effects on reduced effective masses of minibands at the mini-Brillouin-zone center and edge in a GaAs/AlAs superlattice J. Appl. Phys. 111, 053523 (2012) Spontaneous induction of the uniform lying helix alignment in bimesogenic liquid crystals for the flexoelectro-optic effect Appl. Phys. Lett. 100, 063501 (2012) Additional information on J. Appl. Phys. Implementation of the linear electro-optic ͑EO͒ effect in thin film waveguides is expected to allow drastic reductions in the drive voltage, power, and dimensions of devices devoted to light modulation. It should also enable the realization of electrically tunable photonic crystal devices. In this paper we introduce a method which eliminates systematically the sources of the unreliability which strongly affects thin film EO characterization. Based on a Fabry-Perot reflective configuration, the method enables characterizing simultaneously the EO, converse-piezoelectric, and electroabsorptive effects in a film. It provides the magnitude and sign of each of the involved coefficients, and allows accounting for the whole of experimental data versus angle of incidence for both transverse-electric and transverse-magnetic polarizations. At = 633 nm and room temperature, the results obtained with an epitaxial strontium barium niobate ͑Sr x Ba 1−x Nb 2 O 6 , x = 0.60͒ ferroelectric thin film, are: r 13 = +8.5Ϯ 1.3 pm/ V, r 33 = +38.9Ϯ 0.5 pm/ V, d 33 = ⌬e / ⌬V =+21Ϯ 4 pm/ V, and ⌬k o / ⌬V = ͑+9.8Ϯ 0.6͒ ϫ 10 −6 , where r 13 and r 33 are two linear EO coefficients, d 33 is a converse-piezoelectric coefficient, and e, k o , V represent, respectively, the film thickness, film ordinary extinction coefficient, and applied voltage. Converse-piezoelectric and electroabsorptive effects are found significant in the film response at a frequency below piezoelectric resonance. Diagonal and effective EO coefficients of the ͑Sr, Ba͒Nb 2 O 6 ͑SBN͒ film explored in the present work are larger than those of a crystal of lithium niobate ͑LN͒ at the same wavelength = 633 nm. Taking into account the significant difference in dielectric permittivity between the two materials, advances and potential of LN and SBN thin film paths are compared.
I. INTRODUCTION
Electro-optic ͑EO͒ light modulation is a key function in light-wave technologies. It is mostly realized by exploiting the linear EO Pockels effect in ferroelectric bulk crystals like lithium niobate ͑LN͒ for primary example. Pockels effect may be expressed in terms of an electric-field-induced distortion of the refractive index ellipsoid as
where n, r, and E represent, respectively, refractive index, EO coefficient, and electric-field. Optimizing the performance of an EO modulator involves minimizing the halfwave voltage-length product ͑V L͒ and the drive power ͑P͒. Given a propagation distance under electric-field ͑L͒, V is the applied voltage that induces a phase shift in the optical wave emerging from the crystal, and P is the drive power required. If we consider a plane wave propagating through a LN crystal, polarized linearly parallel to the extraordinary optical axis and to the applied electric-field ͑Fig. 1͒, the two quantities to be minimized may be expressed as where is the light wavelength, d is the distance between electrodes, n e is the extraordinary refractive index, r 33 and 3 are, respectively, the linear EO coefficient and relative dielectric permittivity involved in this configuration ͑using reduced notation for r 333 and 33 ͒, C is a constant, w is the width of electrodes, and ⌬ is the frequency bandwidth of the modulator. Expressions ͑2͒ and ͑3͒ indicate that an optimum geometry is achieved when minimizing the two transverse dimen- sions ͑d and w͒, provided the optical wave is successfully confined in the region under electric-field. A considerable decrease in the required V L and P values, by three orders of magnitude, is, therefore, expected from the replacement of bulk crystals by thin film waveguides about 1 m thick. A further reduction in the power consumption may be achieved by using a strip guide configuration where the optical wave is confined in both transverse dimensions. These geometric considerations have led to develop waveguides produced either by increasing refractive index in a shallow region below the surface of a bulk crystal, or prepared by epitaxial deposition, or by transfer, of a thin film onto a substrate of lower refractive index. Compared to the first ones, thin film techniques allow a better optical confinement, a better control of transverse dimensions, and a lower distance d between electrodes. By using crystal ion slicing ͑CIS͒ and wafer bonding technique to prepare single-crystalline thin films, Rabiei and Günter 2 decreased the distance between electrodes until a value of 1.8 m without degrading the EO coefficient of initial LN crystal ͑r 33 =31 pm/ V͒, thus potentially reducing the V L product of LN at = 633 nm and in the configuration of Fig. 1 to a value as low as 0.3 V cm. With thin film epitaxial deposition the difficulty does not lie in the reduction in distance between electrodes but in the preparation of a thin film material with high EO properties. The highest value reported for r 33 at = 633 nm in a LN thin film prepared by deposition on a substrate is about 18 pm/V, 3 which should allow a V L value as low as that obtained with CIS technique, i.e., close to the theoretical crystalline lower limit for LN. Any further significant improvement in EO modulation performance can then only arise from changing LN for a material with better EO properties, that is, values of n, r, and which allow reducing V L without increasing P. Beside LN, the ferroelectric materials which have been considered in the literature in view of preparing EO thin films are mainly BaTiO 3 , 4,5 ͑Ba, Sr͒TiO 3 , 6,7 ͑Pb, La͒͑Zr, Ti͒O 3 , [8] [9] [10] and ͑Sr, Ba͒Nb 2 O 6 ͑SBN͒. 11-14 EO coefficients higher than that of LN crystal by more than one order of magnitude have been reported for some of these films. 5, 9, 12 In addition to increasing drastically EO modulation performance, the implementation of Pockels EO effect in thin film waveguides opens up the path to the realization of electrically tunable photonic crystal ͑PC͒ devices. Through the engineering of photonic band gaps, PC structures enable developing the functionality and reducing radically the size of optical devices. Position and shape of a photonic band gap are dependent on refractive index of the propagating medium and therefore can be electro-optically controlled. This EO control considerably broadens the scope of PC structures potential functionality. For example, instead of being achieved by using either a Mach-Zehnder configuration or the relative retardation between orthogonal polarization components, light intensity switching can potentially be very compactly accomplished in a single channel waveguide by electrically inducing a shift in wavelength of the photonic bandgap. The potential of EO controlled PC structures has been investigated in the literature through simulations 15, 16 and experimental demonstrations. [17] [18] [19] The future deployment of photonic technology largely rests on the tunability of PC characteristics.
The great potential of EO thin films is linked to our ability to prepare highly EO and well-controlled thin films. A reliable method of characterizing the film electric-fieldinduced response is an essential tool for progressing in this field. Film response is a combination of conversepiezoelectric ͑CPE͒, EO and electroabsorptive ͑EA͒ effects. In this paper, we present a method which allows determining simultaneously these three contributions. We have developed it with the aim of increasing the reliability of thin film EO coefficients determination, and its main specific feature is a required high level of self-consistency. Section II discusses the sources of errors in thin film EO characterization and details the principle of the method introduced in the present work. Section III deals with the preparation and properties of epitaxial strontium barium niobate ͑SBN͒ thin films we have developed. Section IV presents the successive steps and results of the characterization procedure applied to one of these SBN thin films. Section V discusses the results with regard to those reported in the literature for SBN thin films or SBN crystals.
II. CHARACTERIZATION OF A THIN FILM ELECTRIC-FIELD-INDUCED RESPONSE

A. Usual experimental approaches and difficulties
Methods used to determine the EO coefficients of a thin film may be classified in three types: interferometric, polarimetric, and prism-coupling methods. In interferometric methods, 12, [20] [21] [22] [23] an interference pattern is created with light beams, at least one of which propagates inside the EO film before being either transmitted or reflected. Such a pattern may be obtained by various ways like the use of a MachZehnder configuration, 20 a Fabry-Perot configuration, [21] [22] [23] or a diffraction grating. 12 Electric-field-induced response of the active film causes a variation in phase and amplitude of the wave emerging from the film, and results in a variation ͑⌬I͒ in pattern light intensity. The different EO coefficients are determined independently from measurement of ⌬I, by varying the direction of the linear polarization. Polarimetric methods [24] [25] [26] exploit the anisotropy of EO response. Electricfield induces a change ͑⌬͒ in the relative phase between the two orthogonal components of a linearly polarized light beam. Light may be either transmitted 24 or reflected 25, 26 by the film and in most cases ⌬ is converted into an output light intensity variation ⌬I by using an analyzer. From measurement of ⌬ or ⌬I, an "effective" EO coefficient is determined, which is a linear combination of two EO coefficients. Polarimetric methods do not enable determining separately the value of each EO coefficient. In the prismcoupling technique 27 ͑also called ATR for attenuated total reflection͒ the film is sandwiched between two electrodes and forms a waveguide in which light is coupled by using a prism. The electric-field-induced response of the film modifies coupling incident angles, thus causing a variation ⌬I in the intensity of the light beam emerging from the prism.
In all cases, determination of EO coefficients is performed from a measurement of the variation ⌬I induced in output light intensity. The electric-field-induced response being a priori a combination of EO, converse piezoelectric and EA effects, the induced output signal ⌬I is a function of the variations in refractive index ͑⌬n ij ͒, in dimensions ͑⌬e i ͒, and in extinction coefficients ͑⌬k ij ͒, which may be expressed as
Besides ⌬I measurement uncertainty, two sources of potential error affect the determination of EO coefficients. The first is the use of approximations in view of simplifying the above expression ͑4͒: they consist in neglecting optical effects like multiple reflections, and/or some of the electricfield-induced effects like converse-piezoelectricity and electroabsorption. The group of Y. Levy demonstrated the significant errors that can be induced by such approximations in the two cases of a prism-coupling 28 and of a polarimetric method. 29 The second source of potential error is the extreme sensitivity of derivatives appearing in Eq. ͑4͒ to a variation in the values of physical parameters of the films interacting with light ͑active film and electrodes͒. An illustration of this sensitivity is given in Fig. 2 . The example of a Fabry-Perot interferometric setup has been chosen. The output reflected intensity I and the derivative ‫ץ‬I / ‫ץ‬n o ͑n o is the ordinary refractive index of the active film͒ have been rigorously calculated for transverse electric ͑TE͒ polarization without using any simplifying approximation. Figure 2 shows the plots of ‫ץ‬I / ‫ץ‬n o versus angle of incidence calculated from two sets of parameters with a small change only in the active film thickness value ͑e = 0.686 or 0.690 m͒. The comparison between the two plots shows that if the actual thickness value is 0.686 m instead of a believed value of 0.690 m, this relative error of about +0.6% in one parameter value can induce a dramatic error in the value of the derivative ‫ץ‬I / ‫ץ‬n o : indeed the true value of the derivative will be multiplied by ͑Ϫ1͒ if measurement is performed at Ϸ 31°and by ͑1/3͒ if measurement is performed at Ϸ 34°. Values of ⌬n o and of the corresponding EO coefficient will consequently be inferred erroneous in the inverse proportions, that is, obtained with the wrong sign if measurement is performed at Ϸ 31°, or overestimated by a factor 3 if measurement is performed at Ϸ 34°. From this simple demonstration it appears that determination of EO coefficients is liable to drastic errors and must be necessarily checked independent of angle of incidence. Nevertheless, this independence is not sufficient to ensure right results, as will be shown in the application below.
B. Principle of the present characterization method
The method presented in this work was developed with the aim of increasing the reliability of EO coefficients determination to a maximum. We have chosen a Fabry-Perot interferometric setup which is the simplest one in terms of both implementation and modeling. It enables determining separately EO coefficients The method exploits interferences obtained by reflection on the stack made of the EO film sandwiched between two electrodes ͑Fig. 3͒. Films of strontium barium niobate SBN investigated in this work are ͑001͒ oriented, optically uniaxial, with ordinary and extraordinary optical axes, respectively, parallel and perpendicular to the substrate surface. Reflectivity ͑R͒ and variation in reflectivity ͑⌬R͒ induced by an ac modulating voltage are recorded versus incident angle , successively for TE and transversemagnetic ͑TM͒ polarizations. According to the above expression ͑4͒
͑5͒
where ⌬e, ⌬n o , and ⌬k o are the electric-field-induced variations in, respectively, the active film thickness e, its ordinary refractive index n o , and its ordinary extinction coefficient k o Calculation of reflectivity R is performed from Fresnel formulae by taking into account all the multireflection effects in the stack. 30 The value of each derivative is numerically calculated, for instance mental data ͓⌬R TE ͑ 1 ͒ , ⌬R TE ͑ 2 ͒ , ⌬R TE ͑ 3 ͔͒ and solving the inferred system of three linear equations. At this step, the EO coefficient r 13 , defined in Eq. ͑1͒, and the CPE coefficient d 33 can be deduced
where ⌬V is the ac modulating voltage amplitude. The refractive index of the film seen by TM polarization ͑n ͒ and its variation under electric-field ͑⌬n ͒ are dependent on , which prevents the use of a similar procedure. If F represents the refracting angle of the light wave in SBN, n and ⌬n verify 1
According to Eq. ͑4͒
Derivatives appearing in Eq. ͑11͒ are calculated numerically like they were calculated for TE polarization except that dependence of index on must be taken into account. A value of incident angle is selected for which ͑‫ץ‬R / ‫ץ‬k ͒ TM, = 0, and Eq. ͑11͒ becomes a linear equation with a single unknown ͑⌬n ͒. The EO coefficient r 33 is deduced from the solution ⌬n through above expression ͑10͒. From values of r 13 , d 33 , and ⌬k o , the electric-field induced response ⌬R TE ͑͒ may be calculated versus incident angle and compared to the experimental data. Calculation must account for both experimental R TE ͑͒ and ⌬R TE ͑͒. When it does not, an error in the value of at least one parameter of the stack is the most likely reason and determination of film electric-field induced response is then liable to drastic errors, as illustrated above. When calculation accounts for the whole of TE data, the uniqueness of the solution may be checked as will be shown in the application below. For TM polarization, calculation of R TM ͑͒ and ⌬R TM ͑͒ versus incident angle may be carried out by considering n e as a parameter, provided the approximations k Ϸ k o and ⌬k Ϸ ⌬k o are used. These approximations may cause a discrepancy between calculation and experiment at large incident angles. This possible discrepancy excepted, calculation must be checked to account for the whole of experimental data: R TE ͑͒, R TM ͑͒, ⌬R TE ͑͒, and ⌬R TM ͑͒.
C. Experimental setup
Measurements of R TE ͑͒, R TM ͑͒, ⌬R TE ͑͒, and ⌬R TM ͑͒ are performed by using the simple -2 goniometric setup schematically represented in Fig. 4͑a͒ . The sample is fixed on the central rotating part so that the plane of incidence is horizontal and the position of the light spot, centered on a platinum dot, is independent of incident angle. Light is emitted by a He-Ne laser operating at 633 nm, polarized either perpendicular ͑TE͒ or parallel ͑TM͒ to the sample plane of incidence, then split in two perpendicular beams. Intensities of the beams reflected by the beam splitter and by the sample are measured simultaneously by two silicon photodiodes and the absolute value of sample reflectivity is inferred. Electric-field applied to EO film is made of both a dc part, which ensures a constant poling, and an ac part, which modulates reflectivity at a low frequency about 230 Hz. A lock-in amplifier detects amplitude and phase of the modulated reflectivity ⌬R͑͒. An example of experimental data is given in Fig. 4͑b͒ : the amplitude of ⌬R͑͒ is plotted versus incident angle and its sign, provided by phase measurement, is noted down. As depicted in the figure, ⌬R͑͒ is preliminary checked to be a linear response proportional to the applied ac voltage.
III. STRONTIUM BARIUM NIOBATE EPITAXIAL THIN FILMS
Crystalline Sr x Ba 1−x Nb 2 O 6 ͑SBN: x , 25% Ͻ x Ͻ 75%͒ is a tungsten bronze ferroelectric solid solution which has been widely studied for holographic recording and optical processing. Increasing strontium relative content ͑x͒ reduces crystalline cell parameters and lowers Curie temperature which results in an enhancement of most material properties measured at room temperature. At = 633 nm and room temperature under static field, the value of the linear EO coefficient r 33 increases from 230 pm/V ͑Ref. 31͒ to 1340 pm/V ͑Ref. 32͒ when x varies from 60% to 75%. The latter is the largest known r 33 value, nearly two orders of magnitude larger than that of the primary EO material LiNbO 3 . Although the dielectric permittivity of SBN also reaches values about two orders of magnitude larger than that of LN and because EO coefficient is involved to the power 2 in expression ͑3͒ of drive power, replacing LN by SBN divides this Implementation of SBN EO properties requires a successful heteroepitaxial growth of the film with ͑001͒ SBN direction perpendicular to a lattice-matched conductive substrate plane. We have achieved the ͑001͒SBN ʈ ͑001͒Pt ʈ ͑001͒MgO double epitaxial growth by using RF magnetron sputtering of Pt and ceramic SBN targets. Parameters of Pt and SBN deposition have been fixed from the results of previous investigations in which we established conditions for a stoichiometric composition of the amorphous SBN deposit 33 and for an epitaxial crystallization of a single phase SBN on Pt covered MgO substrates. 34, 35 Amorphous SBN films are crystallized in a rapid thermal annealing furnace at 1160°C during a few seconds. The ͑001͒ oriented growth of SBN on Pt occurs exclusively on ͑001͒ oriented Pt. 34 The x-ray diffraction phi-scans we measured from ͑220͒ Pt planes and ͑211͒ and ͑311͒ SBN planes have demonstrated that in-plane orientations of SBN are mirror symmetric ͑Ϯ18°͒ to the cell axes of ͑001͒ Pt and ͑001͒ MgO. 34 Top platinum dots deposited on the surface enable dielectric and EO characterizations. When films are prepared in the optimized deposition and crystallization conditions, they exhibit ferroelectric properties and a strong dielectric non linearity at room temperature. 35 A relative variation in dielectric permittivity ͓ 3 ͑E͒ − 3 ͑0͔͒ / 3 ͑0͒ of 46% may be obtained by applying an electric-field E of about 4 V / m. Some typical properties of the SBN films we have developed are summarized in Fig. 5 .
The initial approximate knowledge of SBN and Pt layer thicknesses in the Fabry-Perot stack is based on measurements we previously performed on SBN/MgO and Pt/MgO separate samples in order to determine deposition rates versus deposition conditions. Normal transmission measurements versus wavelength in the IR-visible spectral range were used for SBN/MgO samples and grazing incidence x-ray reflectivity measurements 36 at the x-ray wavelength of 0.154 nm were used for Pt/MgO samples. By fitting a calculated reflectivity to that measured on Pt/MgO versus incident angle at = 633 nm, we checked that complex index reported in tables for Pt ͑see Table I͒ accounted for Pt film reflectivity. In samples used for EO characterization, SBN is deposited on Pt and not on MgO, which could modify its deposition rate as well as its density and complex index. Moreover the stress of SBN is different when crystallized alone on MgO or when inserted in a stack, which could also modify film parameters. For all these reasons, the knowledge of some of the stack parameter values is necessarily initially approximate.
When crystallized on platinum, SBN films exhibit a rough surface. Taking this roughness into account systematically yielded discrepancies between experimental and calculated electric-field-induced responses. Although our modeling of interface roughness allowed accounting satisfactorily for reflectivity data, it did not for the electric-field-induced variation in reflectivity. The above underlined sensitivity of reflectivity derivatives to a slight discrepancy between model and sample is the reason for this failure, and the imperfection of roughness modeling is a strong source of potential error for the electric-field-induced response characterization. Therefore, the surface of the SBN film investigated in this work was mechanically polished before deposition of top platinum dots. The average roughness of bottom Pt surface was measured close to 7 Å, and that of SBN surface after polishing was measured close to 16 Å, by using a profilometer ͑Dektak 8͒. The size of Pt top dots must be larger than that of the light spot in a sufficiently broad range of incident Typical structural and dielectric properties of SBN films we prepare by using rf sputtering deposition followed by a rapid thermal crystallization. ͑a͒ x-ray diffraction patterns of two SBN films prepared on MgO and Pt coated MgO demonstrating films ͑001͒ orientation. The pattern of a polycrystalline target used for sputtering is given for reference. ͑b͒ Ferroelectric polarization-electric-field hysteresis loops recorded at a frequency of 33 Hz and room temperature with increasing electric-field modulation amplitude. ͑c͒ Electric-field dependence of the weak field capacitance of a Pt/SBN/Pt structure at 10 kHz and room temperature. Arrows indicate the input voltage sweep direction. SBN films exhibit a strong dielectric non linearity: angles without increasing excessively the probability of a short-circuit between electrodes. The following results have been obtained with a top Pt circular dot 1.5 mm in diameter.
IV. RESULTS
A. Reflectivity fitting procedure
We have underlined above the decisive role of an accurate knowledge of parameter values. Reflectivity fitting procedures enable refining this initially approximate knowledge. A calculated TE reflectivity was successively fitted to the reflectivity measured on SBN surface between two Pt dots, then to that measured on the selected Pt dot ͑R TE ͒. The first fitting procedure did not involve Pt dot parameters and allowed determining a limited range of possible values for each of the three SBN parameters ͑e , n o , k o ͒. The knowledge of only one of these three parameters was necessary to continue and we selected the ordinary refractive index n o which is less liable to variation than film thickness when moving light spot to a Pt dot center. The second fitting procedure ͑R TE ͒ was, therefore, carried out by assuming n o = 2.30Ϯ 0.01, and aimed at refining values of the three approximately known parameters: e, k o , and Pt dot thickness ePt. Figure 6 illustrates this second fitting procedure: successive values of ePt have been considered in the neighborhood of the value expected from calibration, and, for each one, isoreflectivity curves R TE, ͑e , k o ͒ have been calculated from a few measured values of TE reflectivity at different angles of incidence. If the different iso-R TE, curves cut in a common ͑e , k o ͒ intersection ͓Fig. 6͑a͔͒, a fitting set of parameters exists and is thus determined. Similar iso-R TM, curves can be plotted for TM polarization ͓Fig. 6͑b͔͒ provided we neglect the variation in SBN index with incident angle caused by expected birefringence. This approximation did not affect significantly the convergence of iso-R TM, curves at the chosen incident angles ͓Fig. 6͑b͔͒, and consistent ͑e , k͒ intersections were obtained for TE and TM polarizations. Different fitting sets of parameters were thus determined. Reflectivities calculated from the three fitting sets of parameters determined in Fig. 6͑a͒ have been plotted in Fig. 6͑c͒ , where they may be compared to experimental data. The comparison for TM polarization should allow eliminating some of the fitting solutions provided large values of incident angle ͑Ͼ75°͒ are considered. But a reliable measurement of reflectivity is practically impossible at large incident angles because the size of the light spot exceeds that of the Pt dot, thus causing the drop observed in measured reflectivity. At small incident angles, measurements are hindered by the unavoidable shadow cast by electric contact, and particularly by the electric wire around = 36°.
The evolution of the common ͑e , k o ͒ intersection of iso-R TE with the assumed value of Pt dot thickness is represented in Fig. 7 . The uncertainty affecting n o has been taken into account and the fitting sets of parameters have been determined also in the two extreme cases n o = 2.29 and n o = 2.31. We can verify that a slight error in a parameter value is able to yield largely erroneous results. Indeed, if we consider the three different fitting sets of parameters represented by dots A, B, and C in Fig. 7 , and carry out the character- . ͑Color online͒ ͓͑a͒ and ͑b͔͒ Isoreflectivity curves R TE, ͑e , k͒ ͑a͒ and R TM, ͑e , k͒ ͑b͒. Iso-R are calculated for experimental values of TE and TM reflectivity measured at various angles of incidence ͑ =40°,45°,50°,55°͒ on a Pt/SBN/Pt structure. The two variables ͑e , k͒ are SBN film thickness and extinction coefficient. Three different possible values of the top Pt electrode thickness ePt are considered close to the value expected from calibration: ePt= 21.5, 22.5, 23.5 nm. Calculation is carried out by using values beforehand determined for parameters other than ͑ePt, e , k͒ ͑Table I͒. For TM polarization, variation in SBN index with incident angle is neglected and SBN refractive index is taken to be n = 2.30. If the different iso-R curves cut in a common ͑e , k͒ point of intersection, a fitting set of parameters exists and is thus determined. ͑c͒ Reflectivities calculated with the three fitting sets of parameters determined from the points of intersection in ͑a͒ and ͑b͒. Dotted lines depict measured TE and TM reflectivities.
ization of electric-field induced response for TE polarization as detailed in Sec. II B, we obtain EO coefficients as different as r 13 = −41 pm/ V ͑A͒, +30 pm/ V ͑B͒, Ϫ1.5 pm/V ͑C͒. The corresponding three calculated responses ⌬R TE, are displayed in Fig. 8͑b͒ . It is to be noted that the strong difference obtained between calculated responses A and B is caused only by a 5 Å variation in the assumed value of Pt dot thickness. As expected, all calculated responses coincide with experimental data when incident angle identifies with one of the angles ͑ 1 , 2 , 3 ͒ selected to build the linear system of Eqs. ͑5͒. On the other hand, none of them fits experimental data except in a short range of angles. This indicates that all three are erroneous. Moreover the chaotic evolution of the calculated response with the assumed value of ePt is of no help to approach the right set of parameters.
B. Electric-field-induced response fitting procedure
"TE polarization…
Given one of the previous fitting sets of parameters ͑symbol B in Fig. 7 and Fig. 9 for example͒, if we give up accounting for reflectivity data temporarily and attempt to fit ⌬R TE, by adjusting the crucial value of Pt dot thickness, we find a second set of parameters ͑symbol BЈ in Fig. 9͒ which allows fitting ⌬R TE, ͑see inset in Fig. 9͒ . The evolution of this second fitting value of ePt with the chosen first set of parameters is represented in Fig. 9 with a dashed line labeled "⌬R TE fit." Again multiple solutions were found, which all account for experimental ⌬R TE, . It is therefore to be noted that, even though it is a necessary condition, the fact that a calculated response ⌬R TE, fits experimental data in the whole range of incident angles is not sufficient to ensure reliable results.
Given a value of the refractive index n o , a single set of parameters allows accounting for both TE reflectivity and electric-field-induced variation in TE reflectivity: it may be graphically determined and is unique ͑dot S in Fig. 9͒ . The characterization procedure described in Sec. II B was carried out from this set of parameters detailed in Table I , and yielded the results indicated below ͓Eq. ͑12͔͒. EO, CPE, and EA components calculated from Eq. ͑12͒ are shown in Fig.  10 . The uncertainty affecting n o does not modify significantly the graphically determined value of ePt ͑see Fig. 9͒ nor the correlated value of k o ͓see Fig. 7͑b͔͒ , and it finally induces the relatively low uncertainties indicated below Fig. 7 . ͑b͒ Responses ⌬R TE, , respectively labeled A, B, and C, calculated from the results of the characterization procedure when using these three different parameter sets. The dotted line depicts ⌬R TE, amplitude measured with an applied modulated voltage of 1 V amplitude. Experimental data used to carry out characterization are ⌬R TE ͑ 1 ͒, ⌬R TE ͑ 2 ͒, and ⌬R TE ͑ 3 ͒. The EO coefficient r 13 is determined to be equal to Ϫ41, +30, or Ϫ1.5 pm/V when using parameter sets A, B, or C, respectively. The piezoelectric coefficient d 33 is simultaneously determined to be equal to Ϫ126 pm/V ͑a͒, +85 pm/ V ͑b͒, or Ϫ9 pm/V ͑c͒. None of these three parameter sets allows accounting for experimental ⌬R TE ͑͒ in the full range of incident angles. Couples Pt dot thickness-SBN film thickness ͑ePt, e͒ which allow fitting either calculated reflectivities to experimental ones ͑"R fit"-continuous line͒ or a calculated variation in TE reflectivity to experimental one ͑⌬R fit-dashed line͒. An example is given in the inset: ⌬R TE is calculated from the parameter sets associated with either dot B or dot BЈ and compared to experimental ⌬R TE . The set of parameters which allows accounting for both TE reflectivity and electric-field-induced variation in TE reflectivity may be graphically determined and is unique ͑dot S for n o = 2.30͒. Uncertainty affecting the film refractive index has been taken into account and the two possible extreme cases ͑n o = 2.29 and n o = 2.31͒ are also represented in the figure.
These results are therefore the single ones compatible with both experimental reflectivity and TE variation in reflectivity versus incident angle. The value of r 13 is very different from each of those above obtained when this double requirement was not fulfilled ͑Sec. IV A͒. As may be noticed in Fig. 10 , none of the three contributions is negligible and any attempt to account for experimental data without considering all of them would have been necessarily doomed to failure. Due to the opposite signs of ⌬n o and ⌬e, phase shifts induced by EO and CPE effects partially compensate one another so that the sum of these two contributions ͓Fig. 10͑b͔͒ does not prevail over the EA component in the final signal ⌬R TE, . A similar compensation is to be expected in a waveguide configuration if similarly low modulating frequencies are used.
C. Electric-field-induced response fitting procedure
"TM…
The refractive index of SBN seen by polarization TM ͑n ͒ and its variation under electric-field ͑⌬n ͒ are dependent on incident angle. Following the procedure detailed in Sec. II B, we calculated the reflectivity derivatives for TM polarization from the right set of parameters in Table I , by using Eq. ͑9͒ where the extraordinary index n e is a varied parameter. Equations ͑10͒ and ͑11͒ were then written by considering an incident angle k for which the value of the derivative ͑‫ץ‬R / ‫ץ‬k͒ TM, is zero. This allowed eliminating the unknown ⌬k from Eq. ͑11͒ and extracting the value of r 33 from the following equation:
where k F represents the refracting angle of the light wave in SBN. Electric-field induced response in TM polarization ⌬R TM, can be calculated from this last result and compared to the experimental data, provided we neglect the possible variations in k and ⌬k with incident angle ͑k Ϸ k o , ⌬k Ϸ ⌬k o ͒. This last approximation may cause a discrepancy at large incident angles. Figure 11 shows that a satisfactory agreement is obtained, which may be improved by varying the single adjustable parameter of this calculation: n e . The resulting value of n e ͑n e = n o − 0.04͒ is consistent with the birefringence value reported in the literature for crystalline SBN of similar composition at = 633 nm ͑n e Ϸ n o − 0.03͒. 37 Due to compensation effects in Eq. ͑13͒, the relative uncertainty affecting r 33 is lower than that affecting r 13 or d 33 and the final result is r 33 = + 38.9 Ϯ 0.5 pm/V, ͑14͒ r 33 r 13 = + 4.5 Ϯ 0.6. ͑15͒
As summarized in Fig. 12 , the values obtained for the parameters of the stack and for the coefficients involved in Amplitude of modulated voltage applied to SBN film is 1 V. Extraordinary refractive index n e is the single adjustable parameter of characterization procedure; two cases are shown: n e = n o ͑top͒ and n e = n o − 0.04 ͑bottom͒. The latter corresponds to the best calculation-experiment fit. The EO coefficient r 33 determined from characterization procedure and used for ⌬R TM calculation is equal to +37.6 ͑top͒ and +38.9 pm/ V ͑bottom͒.
the electric-field-induced response allow accounting for all the experimental data: reflectivity and electric-field-induced variation in reflectivity versus incident angle, for both TE and TM polarizations.
For TM polarization also the CPE contribution appears to be non negligible at the low frequency used for lock-in detection, as may be seen in Fig. 11͑a͒ . Measurements are therefore performed in unclamped conditions and the elastooptic effect is likely responsible for a part of the measured coefficients. Assuming that values of elasto-optic coefficients given in the literature 38 33 , where the superscripts S and E mean, respectively, constant strain and constant field. The elasto-optic parts in r 13 and r 33 may thus be assessed to be, respectively, 1.7 pm/V and 9.9 pm/V, that is about 20% and 25% of the respective total values. These percentages are close to those experimentally demonstrated in SBN crystals. 39 At high frequencies above piezoelectric resonance which are used in information optical processing, the CPE effect is clamped and cannot counteract the EO performance by inducing phase shift compensation as in the above measurements. Moreover the dielectric permittivity 3 involved in drive power P should be reduced ͑it is reduced by 39% in SBN crystals 39 ͒. On the other hand the elasto-optic part should be subtracted from the above values of EO coefficients ͑this elasto-optic part represents about 25% in SBN crystals 39 ͒. If the reduction percentages reported for SBN crystals are valid for SBN thin films, values of V L and P expected for SBN thin films at low frequencies, according to Eqs. ͑2͒ and ͑3͒, should be multiplied at high frequencies by 1.33 and 1.08, respectively.
V. DISCUSSION
A few groups reported on the linear EO effect characterization in their SBN films. [11] [12] [13] [14] 40, 41 In three of these papers, 11, 40, 41 a polarimetric method working in transmission under normal incidence was used, which does not involve r 33 in the electric-field-induced response. The other reported results are given in Table II . Although the principle of their method enabled a separate measurement of r 13 by using TE polarization, Trivedi et al. did not exploit this possibility and used the assumption r 33 / r 13 = 5 to determine the two coefficients from one TM measurement. This assumption is common to all the quoted authors and based on one paper 42 reporting this ratio value for a SBN:60 single crystal at = 514.5 nm. When measured similarly in a single SBN:60 crystal but at wavelength = 633 nm, this ratio was reported 31 to be of a different value: r 33 / r 13 = 6.4. By mistake, Trivedi et al. exchanged cos 2 F and sin 2 F in the expression of ⌬n . When correcting this error, their calculation yields r 13 = 140 pm/ V and r 33 = 700 pm/ V instead of the values given in Table II . As mentioned above ͑Sec. II A͒, the first source of potential error in an EO characterization procedure is an imperfect modeling caused by oversimplifying approximations. Multiple reflections in the film, CPE and EA effects were neglected in the quoted reports. The second Summary: reflectivity and electric-field-induced variation in reflectivity of a Pt/SBN/Pt structure for TE and TM polarizations. Calculated and experimental data are compared. Calculation was carried out by using parameter values given in Table I . Electric-field-induced responses were calculated by using the results obtained in the present work: r 13 = +8.5 pm/ V, r 33 = +38.9 pm/ V, d 33 = +21 pm/ V, and ⌬k o / ⌬V = +9.8ϫ 10 −6 . Table II . In conclusion EO coefficient values previously reported for SBN films in the literature may be suspected of error for various reasons and would need to be confirmed. Only then could EO properties of SBN films be fruitfully discussed with regard to the differences specified in Table II 45 Compared to their crystalline counterpart, the three coefficients r 13 , r 33 , and d 33 of the film appear reduced in similar proportions by a factor about 5 Ϯ 1. The magnitude of polarization in our SBN films ͓see Fig. 5͑b͔͒ is also measured about five times lower than that reported for SBN:60 single domain crystals. 45 These results are consistent with the direct relationship between polarization and EO properties predicted by modeling. 46, 47 Linear EO properties are expected to vanish in unpolarized samples and above coefficients to increase with polarization. The reasons for a lower polarization in our SBN films are under investigation. Although lower than those of SBN crystals, the application relevant EO coefficients measured in the present work ͑r 33 = +38.9 pm/ V, r ef f = r 33 − ͑n o / n e ͒ 3 r 13 = +29.9 pm/ V͒ are larger than those of a crystal of LN at the same wavelength = 633 nm ͑r 33 = +30.9 pm/ V, r ef f = +20.1 pm/ V͒, 48 and yield a V L = 0.1 V cm according to Eq. ͑2͒. On the other hand the SBN film dielectric permittivity measured in conditions of EO characterization is about 20 times that of crystalline LN. When referring to the highest value reported for r 33 in a LN epitaxial thin film 3 ͑r 33 Ϸ 18 pm/ V͒ and to the present work for SBN, according to Eqs. ͑2͒ and ͑3͒, it appears that replacing a LN by a SBN thin film should decrease the half-wave voltage-length product by a factor 2.5 but increase the drive power by a factor 3.2. EO performances of SBN and LN thin film paths appear, therefore, comparable. The advantage of SBN path is that it is still far from its crystalline limits. Beside the improvements expected for SBN:60 composition from our understanding of polarization limits, an increase in Sr content ͑x Ͼ 60%͒ should induce an enhancement of the film r 33 coefficient. We have already investigated the SBN:75 composition. Probably because this composition is a limit to the stability of crystalline SBN, multiphase films have been systematically obtained. The composition SBN:65 is under investigation.
VI. CONCLUSION
Implementation of the linear EO Pockels effect in thin films waveguides is expected to allow drastic reductions in the drive voltage, drive power, and dimensions of light modulation devices. It is also expected to enable the realization of electrically tunable PC devices and thus considerably broaden the potential functionality of these structures. Whereas the understanding of a film electric-field-induced response is of decisive interest for both fundamental and technological reasons, we have brought into relief that its experimental characterization is particularly liable to dramatic errors, caused either by an oversimplified modeling, and/or by a slight inaccuracy in a parameter value.
In this paper, we have presented a method which aims at eliminating systematically the sources of EO characterization unreliability. Based on a Fabry-Perot reflective configuration, it enables characterizing simultaneously the EO, CPE and EA effects in a thin film and provides magnitude and sign of each of the involved coefficients. This characterization method yields a unique solution which accounts for the whole of experimental data: measured reflectivity and electric-field-induced variation in reflectivity, versus incident angle and for both polarizations. The results obtained at = 633 nm and room temperature on an epitaxial SBN:60 film are From our results it appears that CPE and EA effects are significant in the film response, and should not be neglected in any characterization procedure performed on thin films at a frequency below piezoelectric resonance. An elasto-optic part is therefore expected in the EO coefficients, which will collapse at high frequencies above piezoelectric resonance. Our results relative to electroabsorption are to our knowledge the first ones reported concerning SBN. Compared to the corresponding crystalline values, piezoelectric and EO coefficients of the SBN film on one hand, polarization on the other hand, are found to be reduced by approximately the same factor. This correlation is consistent with theoretical predictions. The r 33 and r ef f EO coefficients of the SBN film explored in the present work are larger than those of a crystal of LN at the same wavelength = 633 nm. When taking into account the significant difference in dielectric permittivity between LN and SBN, the two thin film paths appear comparable in terms of EO performance. The advantage of SBN is that our first EO results obtained in this paper are far from the SBN solid solution crystalline limits, leaving place for improvement. Increasing the polarization magnitude and modifying the Sr content in the films are the two paths to approach these limits. 
